One of the possible methods to distinguish among various dark matter candidates is to study the effects of dark matter decays. We consider four different dark matter candidates (light dark matter, gravitinos, neutralinos and sterile neutrinos), for each of them deriving the decaying/annihilation rate, the influence on reionization, matter temperature and CMB spectra. We find that light dark matter particles (1-10 MeV) and sterile neutrinos (2-7 keV) can be sources of partial early reionization (z < ∼ 100). However, their integrated contribution to Thomson optical depth is small ( < ∼ 0.01). Finally, they can significantly affect the behavior of matter temperature. On the contrary, effects of heavy dark matter candidates (gravitinos and neutralinos) on reionization and heating are minimal. All the considered dark matter particles have completely negligible effects on the CMB spectra.
INTRODUCTION
The nature of dark matter (DM) is one of the crucial open questions in cosmology. In the so called Cold Dark Matter (CDM) theory dark matter particles are defined "cold" particles, because of their negligible free-streaming length (i.e. the length below which dark matter fluctuations are suppressed). The most famous alternative model to CDM is called Warm Dark Matter (WDM), where dark matter particles are defined "warm" because of their longer freestreaming length. In WDM scenarios the velocity dispersion of the particles is sufficient to smear out the fluctuations up to galactic scales, depending on the mass of the particles (Padmanabhan 1995) . This means that WDM models can alleviate the so called substructure crisis, which represents one of the most serious problems of CDM theories (Bode, Ostriker & Turok 2001; Ostriker & Steinhardt 2003) . At present, there is no definitive evidence which allows us to exclude one of the two scenarios and even the properties (mass, lifetime, etc) of cold and warm dark matter particles are substantially unknown.
From an observational point of view, one of the most direct ways to detect dark matter particles and, maybe, distinguish between CDM and WDM is represented by particle decays (Chen & Kamionkowski 2004; Pierpaoli 2004; Padmanabhan & Finkbeiner 2005) . A small fraction of dark matter particles is expected to decay, the lifetime of this process generally depending on their density and mass. Many of the possible decay channels (Dolgov 2002) involve the emission of photons at wavelengths depending on the particle mass. So, in principle, it is possible to distinguish among various dark matter models, depending on the characteristics of emitted photons. It has also been pointed out (Sciama 1982; Hansen & Haiman 2004; Chen & Kamionkowski 2004; Kasuya, Kawasaki & Sugiyama 2004; Padmanabhan & Finkbeiner 2005; Mapelli & Ferrara 2005 ) that photons due to particle decays can be sources of partial early reionization. In addition, the heating induced by particle decays can leave an imprint in the 21 cm background, which could be detected by new generation of radio telescopes (LOFAR, PAST, SKA, etc.) .
At the moment, constraints on the radiation emitted by particle decays are loose. The SPI spectrometer aboard ESA's INTEGRAL satellite recently detected an excess in the 511 keV line emission, due to positron-electron annihilation, from the galactic bulge . The only two viable explanations are that this excess is due to positrons produced by thermonuclear Type Ia supernovae (Dermer & Murphy 2001) or by decaying/annihilating dark matter (Hooper & Wang 2004; Boehm et al. 2004 In this paper, we consider some of the most popular cold and warm DM particles, calculating their approximate decaying rate (Section 2), their influence on the ionization fraction, on the Thomson optical depth, on the behavior of matter temperature (Section 3) and on the CMB spectra (Section 4). In all the cases, we make the conservative assumption that the DM is composed by one single species of particles. We consider only "standard" dark matter candidates, neglecting more exotic scenarios (such as Q-balls, light scalar bosons, etc). In particular, we study three different candidates for the case of CDM: (i) the axino, as representative of light dark matter (LDM; 1-100 MeV; Hooper & Wang 2004) , (ii) the gravitino and the (iii) neutralino, as heavy dark matter candidates ( > ∼ 100 MeV). For the WDM we consider only the sterile neutrino, reducing our analysis to its radiative decay channel. In fact, we do not pretend to present a complete overview of DM candidates. Instead, we would like to give a basic description of the effects of DM decays, taking as an example some of the standard DM candidates. Our aim is to point out the differences among the considered DM particles, with particular care for cosmic reionization and heating.
METHOD
For each considered particle model we derived the energy injection rate per hydrogen nucleus, ǫDM , as follows.
In comoving coordinates the photon emission rate due to particle decay can be generally written as:
where n0 and τ are the current density and the lifetime of particles, respectively, and t(z) ∼ 2 3 H −1 0 Ω −1/2 0M (1 + z) −3/2 (neglecting ΩΛ) is the time elapsed from the Big Bang to redshift z. Then, ǫDM is simply:
where Eγ ∼ mDM /2 is the energy of the emitted photon (mDM being the mass energy of the DM particle), and n b the current density of baryons (we take n b = 2.7 × 10 −7 cm −3 , Spergel et al. 2003) . The energy ǫDM partially goes into ionizations of hydrogen and helium atoms and partially into heating. We adopt the rough approximation by Chen & Kamionkowski (2004) , for which a fraction (1 − x)/3 of ǫDM contributes to ionizations and a fraction (1+2x)/3 goes into heating (x being the ionized fraction). We made our calculations using an upgraded version of the public code RECFAST (Seager, Sasselov & Scott 1999 . In particular, we modified the evolution equations as follows (Padmanabhan & Finkbeiner 2005) .
where xH (xHe) is the ionized fraction of hydrogen (helium) atoms, E th, H = 13.6 eV (E th, He = 24.6 eV) is the ionization energy of hydrogen (helium) atoms, fHe is the helium-tohydrogen ratio by number, TM is the matter temperature, kB the Boltzmann constant and E ≡ [H(z)(1 + z)] −1 .
COLD DARK MATTER
First we consider CDM particles. Heavy CDM particles (≥ 100 MeV) are not considered a viable source for the 511 keV emission in the galactic center. In fact, in the case of neutralinos (with mass higher than 30 GeV), the request of a sizable R-parity violation, needed to allow considerable neutralino decays, would determine a too short lifetime and the neutralino would cease to be a good DM candidate (Hooper & Wang 2004) . On the other hand, gravitino decays are possible; but the gravitino lifetime is far too long to match the 511 keV emission from the galactic center (Hooper & Wang 2004 Spergel et al. 2003) . The upper limit of their mass, if they are the source of the 511 keV line, is probably much less than 100 MeV, due to constraints on the bremsstrahlung emission (Cassé & Fayet 2005) . Hooper & Wang (2004) derived in a very simple way the lifetime of decaying LDM particles (i.e. axinos) necessary to produce the observed 511 keV emission:
where mDM is the mass of a LDM particle. Under our assumptions, the current density of LDM particles can easily been derived as:
where ρc is the critical density of the Universe. Substituting equation (6) and (7) into equation (1) and implementing it in RECFAST (through equations 3-5), we derive the influence of LDM particles on ionization and heating, shown in Figure 1 . The contribution of LDM starts to be important at redshift z ≤ 100. The current value of xe should be of the order of 0.1 (for masses mLDM > ∼ 5 MeV). Then LDM does not produce a complete reionization; but can be an important source of early partial ionization. Also the matter temperature TM starts to differ from the case without LDM at z ∼ 100. At z ∼ 20 TM is ∼ 200 K, a factor ∼ 20 higher than in the unperturbed case.
Gravitino
The most probable gravitino masses are m 3/2 < 1 keV and m 3/2 > 1 TeV (Nowakowski & Rindani 1995) . In the first case, the gravitinos are the lightest supersymmetric particle (LSP) and then are stable: they are good WDM candidates; but their decay rate is negligible. In the second one, gravitinos are so unstable that they decay in the early universe, and, as a consequence, they are not viable DM candidates. Some models assume that gravitinos have mass m 3/2 ∼ 10 − 100 MeV, are the LSP and can violate the R-parity (Hooper & Wang 2004) . In this case gravitinos are good DM candidates and have non-negligible decay rate. For this case, we calculated the gravitino contribution to reionization and heating, assuming lifetime:
where ml is the slepton mass and λ is the R-parity violating leptonic trilinear coupling. The current density of gravitinos can be derived as indicated for LDM. We find that, because of such a long lifetime, the contribution of gravitinos to heating and reionization is negligible (Fig. 2) . For the same reason, Hooper & Wang (2004) show that gravitinos are unable to produce the 511 keV excess from the galactic center.
Heavy dark matter: neutralinos
Here we will consider as "heavy" dark matter the neutralinos. It is a merely indicative classification, given the uncertainties on the various models. The discussion of the details of different supersymmetric models is beyond the purpose of this paper. Neutralinos are thought to be very massive (mχ > 30 GeV). So, if they could decay (violating the Rparity), their lifetime should be very short, and they could not be a viable DM candidate. Then, the neutralino, if exists, must be perfectly stable, and we will not treat neutralino decay. However, neutralinos can annihilate. The annihilation cross-section is generally fit by (Bertone, Hooper & Silk 2005) :
where a and b are constant, whose values are constrained by the DM relic density condition, and v is the neutralino velocity, which depends on the DM temperature and thus on the redshift. In the present epoch neutralinos are nonrelativistic, then the current annihilation cross-section can be written as σ v ∼ a. However, the cross-section at the freeze-out time should depend on v and be higher than the current value. As a rough approximation, Padmanabhan & Finkbeiner (2005) consider a thermally averaged, redshift independent cross-section, σ v = 2 × 10 −26 cm 3 s −1 . For comparison, we made the same assumption. Then, the lifetime becomes:
where n = ΩDM ρc/mχ. We have implemented this equation into RECFAST. The contribution of neutralino annihilations both to ionizations and heating is negligible ( Figure  3) , not only for σ v = 2 × 10 −26 cm 3 s −1 (Padmanabhan & Finkbeiner 2005) , but also for σ v = 10 −24 cm 3 s −1 (which is a reasonable upper limit to be consistent with WMAP data; see Colafrancesco, Profumo & Ullio 2005) . The ionized fraction becomes important (xe ∼ 0.1 at redshift z 0), only for σ v = 2 × 10 −18 cm 3 s −1 , which is far too high. 
WARM DARK MATTER: STERILE NEUTRINOS
Sterile neutrinos are one of the most promising WDM candidates (Colombi, Dodelson & Widrow 1996; Sommer-Larsen & Dolgov 2001) . They can exist only if neutrinos have nonzero mass and mixing angles, as predicted by the standard oscillation theory (Dolgov & Hansen 2002; see Dolgov 2002 for a complete review of sterile neutrino properties). There are many possible decay channels of sterile neutrinos (Dolgov 2002) . In this paper we are interested on the radiative decay, i.e. the decay of a sterile neutrino into a e + e − pair, because of its effects on the cosmic ionization and heating. From the comparison between the predicted background flux due to radiatively-decaying sterile neutrinos and the hard X-ray background (Bauer et al. 2005) , Mapelli & Ferrara (2005) have established an upper limit of 14 keV for the sterile neutrino mass. This limit can now be lowered to mν s < 11 keV, adopting the relation between the mixing angle and the mass recently derived by Abazajian (2005) . A stronger upper limit, mν s < 8.2 keV, has been derived from X-ray observations of the Virgo cluster (Abazajian 2005) . Furthermore, Viel et al. (2005) derived a lower limit mν s > 2 keV from the study of matter power spectrum fluctuations. Then, sterile neutrino masses are allowed from 2 to 8 keV, a very narrow range. The lifetime for sterile neutrino radiative decay is (Mapelli & Ferrara 2005) :
where αem is the fine structure constant, GF the Fermi constant, mν s the sterile neutrino mass and sin θ the mixing angle. To derive sin θ we adopt the following relation (Abaza- 
where ΩDM is the dark matter density and TQCD the temperature of quark-hadron transition.
Assuming that all the DM is composed by sterile neutrinos and substituting equation (11) into equation (1) we derive through RECFAST the ionization and heating history also for WDM particles (Figure 4) . Also sterile neutrinos start to play a role into the reionization and heating at redshift z ∼ 100, and their behavior is close (even if the global contribution is slightly lower) to that of LDM.
EFFECTS ON THE CMB SPECTRUM
In the previous section we shown that decaying DM, and especially LDM and sterile neutrinos, can modify the ionization fraction, with respect to the value due to relic electrons, already at high redshift. This fact should leave some imprint on the CMB spectrum. To check whether these effects are measurable, we simulated the expected CMB spectrum in the case we take into account DM decays. This has been done by implementing our modified version of RECFAST in the version 4.5.1 of the public code CMBFAST (U. Seljak & M. Zaldarriaga 1996; U. Seljak et al. 2003 ). Fig. 5 shows the Temperature -Temperature (TT), Temperature -Polarization (TE) and Polarization -Polarization (EE) spectra, in the case of 10 MeV decaying LDM (i.e. the particle for which we achieved the maximum contri- (Spergel et al. 2003). bution to the reionization among the considered ones). The contribution due to DM decays alone is negligible. There is a sensible difference only in the lowest multipoles (l < 10) of the EE spectrum. This effect can be seen in the central panel of Fig. 5 , where the thin lines show the expected EE spectra by considering (dashed line) and neglecting (solid line) DM decays, respectively. This effect, small and concentrated at low multipoles, is justified by the fact that DM decays produce a very small Thomson optical depth (τe < ∼ 0.01) and that they are important especially at very low redshift, due to their long lifetime. Is such a modification of the EE spectrum measurable? If there are other sources of reionization besides DM decays (as it seems to be likely, considering the high Thomson optical depth, τe = 0.17, measured by WMAP; Kogut et al. 2003) , the influence exerted on the EE spectrum by the decaying DM would be completely hidden by the stronger effects due to these other reionizing sources. This can be seen in Fig. 5 , where the thick lines show the TT/EE and TE spectra assuming τe = 0.17 in the case with (dashed line) and without (solid line) DM decays.
Because 10 MeV LDM particles produce the highest ionization fraction among the considered models, the effects on the CMB spectra due to other species of DM particles will be far more negligible.
CONCLUSION
We examined the contribution to cosmic reionization and heating of different models of decaying/annihilating DM. In the case of quite light particles ( < ∼ 10 MeV) this contribution is important. Light particles (LDM, or sterile neutrinos) start to play a role at high redshift (z ∼ 100). They do not achieve complete reionization; but are a possible source of early reionization. They are expected to produce a Thomson optical depth τ e < ∼ 0.01 (τ e < ∼ 0.001) in the case of LDM particles (sterile neutrinos), which is much smaller than the value derived from first year WMAP data (τe = 0.17), but non-negligible. Changes in the matter temperature are also important, and the role of DM decays on the history of 21 cm emission should be investigated. On the contrary, heavier particles (gravitinos and neutralinos) do not have any influence on reionization and heating, because of their long expected lifetime.
This result could be crucial in distinguishing between light and heavy dark matter models, if new measures will be available of the reionization history and/or the behavior of the matter temperature (for example mapping the 21 cm emission at z ∼ 10 − 50). However, it is quite impossible distinguish among different species of light DM particles, such as sterile neutrinos or LDM.
Finally, in the case of light particles, an early (z ≫ 20) increasing of the ionization fraction and of the baryon temperature could catalize the production of H2 and HD molecules, affecting the entire history of structure formation (Shchekinov & Vasiliev 2004; Biermann & Kusenko 2006 ). On the contrary, no constraints on DM particles can be derived from their effects on the CMB spectra.
